Defining the complex dynamics of Zika virus (ZIKV) infection in pregnancy and during 2 transmission between vertebrate hosts and mosquito vectors is critical for a thorough 3 understanding of viral transmission, pathogenesis, immune evasion, and potential reservoir 4 establishment. Within-host viral diversity in ZIKV infection is low, which makes it difficult to 5 evaluate infection dynamics. To overcome this biological hurdle, we constructed a molecularly 6 barcoded ZIKV. This virus stock consists of a "synthetic swarm" whose members are genetically 7 identical except for a run of eight consecutive degenerate codons, which creates approximately 8 64,000 theoretical nucleotide combinations that all encode the same amino acids. Deep 9 sequencing this region of the ZIKV genome enables counting of individual barcode clonotypes 10 to quantify the number and relative proportions of viral lineages present within a host. Here we 11 used these molecularly barcoded ZIKV variants to study the dynamics of ZIKV infection in 12 pregnant and non-pregnant macaques as well as during mosquito infection/transmission. The 13 barcoded virus had no discernible fitness defects in vivo, and the proportions of individual 14 barcoded virus templates remained stable throughout the duration of acute plasma viremia. 15 ZIKV RNA also was detected in maternal plasma from a pregnant animal infected with barcoded 16 virus for 64 days. The complexity of the virus population declined precipitously 8 days following 17 infection of the dam, consistent with the timing of typical resolution of ZIKV in non-pregnant 18 macaques, and remained low for the subsequent duration of viremia. Our approach showed that 19 synthetic swarm viruses can be used to probe the composition of ZIKV populations over time in 20 vivo to understand vertical transmission, persistent reservoirs, bottlenecks, and evolutionary 21 dynamics. 22 infection/transmission. We found that the proportions of individual barcoded viruses remained 32 relatively stable during acute infection in pregnant and nonpregnant animals. However, in a 33 pregnant animal, the complexity of the virus population declined precipitously 8 days following 34 infection, consistent with the timing of typical resolution of ZIKV in non-pregnant macaques, and 35 remained low for the subsequent duration of viremia. 36 symptom onset [8][9][10][11]. The source of virus responsible for prolonged viremia is not known,
Author summary
Understanding the complex dynamics of Zika virus (ZIKV) infection during pregnancy and during 24 transmission to and from vertebrate host and mosquito vector is critical for a thorough 25 understanding of viral transmission, pathogenesis, immune evasion, and reservoir 26 establishment. We sought to develop a virus model system for use in nonhuman primates and 27 mosquitoes that allows for the genetic discrimination of molecularly cloned viruses. This 28 "synthetic swarm" of viruses incorporates a molecular barcode that allows for tracking and 29 monitoring individual viral lineages during infection. Here we infected rhesus macaques with this 30 virus to study the dynamics of ZIKV infection in nonhuman primates as well as during mosquito 31 Introduction 37 Zika virus (ZIKV; Flaviviridae, Flavivirus) infection during pregnancy can cause congenital Zika 38 syndrome (CZS)-a collection of neurological, visual, auditory, and developmental birth 39 defects-in at least 5% of babies [1] . The frequency of vertical transmission is not known, 40
although data suggest that it may be very common, especially if infection occurs during the first 41 trimester [2] . For both pregnant and nonpregnant women, it was previously thought that ZIKV 42 caused an acute self-limiting infection that was resolved in a matter of days. It is now clear that 43 ZIKV can persist for months in other body tissues after it is no longer detectable in blood and in 44 the absence of clinical symptoms [2] [3] [4] [5] [6] [7] . During pregnancy, unusually prolonged maternal 45 viremia has been noted, with viral RNA detected in maternal blood up to 107 days after 46 47 though it has been speculated that this residual plasma viremia could represent virus release 48 from maternal tissues, the placenta, and/or the fetus. 49
Recently, we established Indian-origin rhesus macaques (Macaca mulatta) as a relevant animal 50 model to understand ZIKV infection during pregnancy, demonstrating that ZIKV can be detected 51 in plasma, CSF, urine, and saliva. In nonpregnant animals viremia was essentially resolved by 52 10 days post infection [12, 13] . In contrast, in pregnant monkeys infected in either the first or 53 third trimester of pregnancy, viremia was prolonged, and was associated with decreased head 54 growth velocity and consistent vertical transmission [2] . Strikingly, significant ocular pathology 55 was noted in fetuses of dams infected with French Polynesian ZIKV during the first trimester [2] . 56 We also showed that viral loads were prolonged in pregnant macaques despite robust maternal 57 antibodies [2] . We therefore aimed to better understand the in vivo replication and evolutionary 58 dynamics of ZIKV infection in this relevant animal model. 59
To do this, we developed a novel "synthetic swarm" virus based on a pathogenic molecular 60 ZIKV clone that allows for tracking and monitoring of individual viral lineages. The synthetic 61 swarm consists of viruses that are genetically identical except for a run of 8 consecutive 62 degenerate nucleotides present in up to ~64,000 theoretical combinations that all encode the 63 same amino acid sequence. This novel barcoded virus is replication competent in vitro and in 64 vivo, and the number and relative proportion of each clonotype can be characterized by deep 65 sequencing to determine if the population composition changes among or within hosts. Here we 66 demonstrate that this system will provide a useful tool to study the complexity of ZIKV 67 populations within and among hosts; for example, this system can assess bottlenecks following 68 various types of transmission and determine whether non-sterilizing prophylaxis and 69 therapeutics impact the composition of the virus population. Moreover, data from molecularly 70 barcoded viruses will help inform research of ZIKV infection during pregnancy by providing a 71 better understanding of the kinetics of tissue reservoir establishment, maintenance, and 72 reseeding. 73
Results

74
Generation and characterization of a molecularly barcoded virus stock. 75 Molecular barcoding has been a useful tool to study viruses including simian immunodeficiency 76 virus, influenza virus, poliovirus, Venezuelan equine encephalitis virus, and West Nile virus, 77 establishing conceptual precedent for our approach [14-20]. To generate barcoded ZIKV, we 78 introduced a run of eight consecutive degenerate codons into a region of NS2A (amino acids 79 144-151) that allows for every possible synonymous mutation to occur in the ZIKV infectious 80 molecular clone (ZIKV-IC) derived from the Puerto Rican isolate ZIKV-PRVABC59 [21] . 81
Following bacteria-free cloning and rolling circle amplification (RCA), linearized and purified 82 RCA reaction products were used for virus production via transfection of Vero cells. All 83 produced virus was collected, pooled, and aliquoted into single-use aliquots, such that single 84 aliquots contain a representative sampling of all genetic variants generated; this barcoded 85 synthetic swarm virus was termed ZIKV-BC-1.0. 86
We used a multiplex-PCR approach to deep sequence the entire coding genome of the ZIKV-87 BC-1.0 stock, as well as the ZIKV-IC from which ZIKV-BC-1.0 was derived. For each stock, 1 x 88 10 6 viral RNA templates were used in each cDNA synthesis reaction (Table 1) , and both stocks 89 were sequenced in duplicate. We identified two nucleotide positions outside of the barcode 90 region that encoded fixed differences between ZIKV-IC and ZIKV-BC-1.0, when compared to 91 the KU501215 reference that we used for mapping. The variant at site 1964 encodes a 92 nonsynonymous change (V to L) in Envelope, and the variant at site 8488 encodes a 93 synonymous substitution in NS5. The variant at site 1964 was also present in our ZIKV-94 PRVABC59 stock (see [22] ), and Genbank contains records for two sequences that match this 95 sequence (accession numbers KX087101 and KX601168) and two that do not (KU501215 and 96 KX377337). In addition, a single nucleotide position in NS5 contained an 80/20 ratio of C-to-T 97 nucleotide substitutions in ZIKV-BC-1.0, but was fixed as a C in ZIKV-IC. The C-to-T change is 98 a synonymous mutation in a leucine codon. There were no other high-frequency variants that 99 differentiate the two stocks outside of the barcode region in the remainder of the genome 100
encoding the polyprotein open reading frame. 101 The number of cDNA templates was calculated based on the number of vRNA templates that 104
were put into the cDNA synthesis reaction, and then the amount of cDNA that was used for the 105 PCR reaction. 106
Diversity of barcode sequences in the stock of ZIKV-BC-1.0 107 We then characterized the diversity of barcode sequences present in the ZIKV-BC-1.0 stock 108 prior to in vitro and in vivo studies. To exclude PCR artifacts that could have biased our barcode 109 estimates, we identified every distinct barcode sequence in either the barcoded stock (ZIKV-BC-110 1.0) or in the non-barcoded parental infectious clone (ZIKV-IC) in the region of NS2A 111 encompassing the barcode. We then calculated the frequency of each of these barcode 112 sequences in the replicates of both stocks. Many of the sequences were detected in only one or 113 two of the replicates, so the frequency of some of the sequences was actually zero in one 114 replicate, even if it was detected in a second replicate. We then calculated the arithmetic mean 115 (0.0018%) and standard deviation (0.015%) of the frequencies of all the non-wild type 116 sequences in the 24 nucleotide region in ZIKV-IC that corresponds to the barcoded 24 117 nucleotides in ZIKV-BC-1.0. We used the mean and standard deviation frequencies from ZIKV-118 IC to calculate the "noisiness" inherent in deep sequencing the barcoded region. Authentic 119 barcodes were defined as those whose frequency was greater than three standard deviations 120 higher than this threshold; by this standard the minimum frequency for an authentic barcode 121 sequence in ZIKV-BC-1.0 was 0.047% in at least one of the two replicates. Using this criterion, 122
we detected 57 distinct barcodes in ZIKV-BC-1.0. Of the 57 barcodes, 20 were detected in both 123 sequencing replicates of the ZIKV-BC-1.0 stock at a frequency of 0.5% or greater (present in 124 >168 sequencing reads) and were given independent labels (e.g. Zika_BC01, Zika_BC02, etc.) 125 to simplify reporting. Barcodes 21 to 57 were also tracked during infection, but then categorized 126 as 'Other barcodes' in the graphs shown throughout. Any other barcodes detected below the 127 0.05% threshold were categorized as 'Noise'. 128
To ascertain whether input RNA template numbers influence barcode composition, we 129 sequenced a dilution series of viral RNA templates in triplicate (Fig 1, Table 2, and Table S1 ). 130
When we used 10,000 input vRNA templates, we enumerated an average of 55 of the 57 131 barcodes. At 2000 and 500 input vRNA templates, we enumerated an average of 46 and 33 of 132 the 57 barcodes, respectively. For 250, 100, and 50 input templates, the average number of 133 enumerated barcodes was 26.7 ± 3.9, indicating that the number of unique barcodes we 134 enumerated was consistent between 50 and 250 input vRNA templates. It is also important to 135 note that an average of 1.46% of the sequences in the 50 input vRNA template samples were 136 considered 'noise' because they contained barcodes that were not among the 57 we 137 enumerated from the ZIKV-BC-1.0 stock, while an average of 3.56% of the sequences in the 138 10,000 input vRNA template samples were considered 'noise.' This observation suggests that, 139 on average, while we sequence fewer unique authentic templates when fewer input molecules 140 are used, the reduction of input molecules does not increase the detection of spurious, 'noise' 141 barcodes. 142 10,000 copies 10,000 5,952
The number of cDNA templates was calculated based on the number of vRNA templates that 144
were put into the cDNA synthesis reaction, and then the amount of cDNA that was used for the 145 PCR reaction. 146
We also examined diversity and similarity across sequencing replicates in this titration 147 experiment using all the detected sequences, including the 'noise.' Not surprisingly, Simpson's 148 diversity increased when a greater number of input templates were used, plateauing at 500 149 input copies (Fig S1) . When comparing similarity across replicates, the samples with 2,000 and 150 10,000 inputs had the highest Morisita-Horn similarity index (Fig S2) . Unfortunately, it is not 151 possible to obtain a large number of input templates at all timepoints from ZIKV-infected 152 pregnant animals. The detection of barcodes at high frequency and 'noise' at low frequency 153 when using low template input suggests that the detection of a barcode in these samples is 154 likely believable (Fig S3) . It is important to note, however, the absence of a barcode in 155 sequencing reads from a particular experiment could mean that either the barcode was not 156 present at that timepoint or that it was present in the biological sample but not at a high enough 157 concentration to be detected when sequencing from a small number of templates. 158
Molecularly-barcoded ZIKV in vivo replication kinetics and barcode dynamics. deleterious effect on either infectivity or replicative capacity in vitro. To confirm that ZIKV-BC-1.0 165 did not have any replication defects in vivo, we assessed its replication capacity in rhesus 166 macaques. Three rhesus macaques were inoculated subcutaneously with 1 x 10 4 PFU of ZIKV-167 BC-1.0. All three animals were productively infected with ZIKV-BC-1.0, with detectable plasma 168 viral loads one day post inoculation (dpi) (Fig 2) . Plasma viral loads in all three animals peaked 169 between two and four dpi, and ranged from 2.34 x 10 3 to 9.77 x 10 4 vRNA copies/mL. Indeed, 170 ZIKV-BC-1.0 displayed viral replication kinetics comparable to ZIKV-IC and ZIKV-PR (i.e., area 171 under the curve was not significantly different (Student's t-test), p=0.355 and 0.229, 172 respectively); and replication kinetics were comparable to previous studies with other strains of 173 ZIKV in nonpregnant rhesus macaques [12, 13, 23] . 174
We also infected a single pregnant macaque (776301) by subcutaneous inoculation of 1 x 10 4 175 PFU of ZIKV-BC-1.0. This animal had been exposed to dengue virus serotype 3 (DENV-3; 176 strain Sleman/78) approximately one year prior to inoculation with ZIKV-BC-1.0. To evaluate 177 cross-reactive neutralizing antibody (nAb) responses elicited by prior exposure to DENV-3 in 178 this animal, serum was obtained prior to inoculation with ZIKV-BC-1.0. Neutralization curves 179 with both DENV-3 and ZIKV revealed that DENV-3 immune sera did not cross-react with ZIKV, 180 whereas DENV-3 was potently neutralized (Fig 3A) . The animal then was infected with ZIKV-181 BC-1.0 at 35 days of gestation (mid-first trimester; rhesus term is 165 ± 10 days) and had 182 detectable plasma viral loads for 64 dpi (Fig 3B) ; consistent with replication kinetics of wildtype 183 ZIKV in both pregnant macaques [2] and humans [8, 9, 24] . The animal also had four days of 184 detectable vRNA in urine but no detectable vRNA (Fig 3B) in the amniotic fluid on 22, 36, 50, or 185 120 dpi (57, 71, 85, 155 days gestation, respectively). By 29 dpi neutralization curves of both 186 viruses revealed a similar profile, indicating the production of a robust maternal nAb response to 187 ZIKV ( Fig 3A) coincident with prolonged plasma viral loads, similar to what has been shown 188 previously in other ZIKV-infected pregnant macaques [2]. DENV-3 neutralization curves at 0 and 189 29 dpi were indistinguishable (Fig 3A) . 190
The pregnancy progressed without adverse outcomes, and at 155 days of gestation, the fetus 191 was surgically delivered, euthanized, and tissues collected. The fetus had no evidence of 192 microcephaly or other abnormalities upon gross examination. Approximately 60 fetal and 193 maternal tissues (see Table 3 for a complete list) were collected sterilely for histopathology and 194 vRNA by QRT-PCR. No ZIKV RNA was detected in any samples collected from the fetus, 195 suggesting that vertical transmission did not occur. This was surprising, as from seven neonatal 196 macaques we have examined to date, this was the only animal found not to have detectable 197 ZIKV RNA in tissues. This also shows that prolonged maternal viremia can be uncoupled from 
Evaluation of barcodes during acute infection of nonpregnant macaques.
211
We deep sequenced the viruses replicating in the nonpregnant animals who were infected with 212 ZIKV-BC-1.0 and ZIKV-IC (Fig 4A and B, Table 4, and Table S2 ). In each group of three 213 animals, we sequenced viruses at two time points from two animals, and then one time point 214 from a third animal. In animals infected with ZIKV-IC, we found that >95% of sequences in the 215 virus stock and all three animals were wild type across the 24 nucleotides that corresponded to 216 where the barcode was located in ZIKV-BC-1.0. 217 The number of cDNA templates was calculated based on the number of vRNA templates that 220
Table 4. Number of viral templates sequenced from nonpregnant animals infected with
were put into the cDNA synthesis reaction, and then the amount of cDNA that was used for the 221 PCR reaction. 222
223
We counted the number of authentic barcodes detected at a frequency of 0.047% or greater in 224 the stock and the plasma of the nonpregnant animals infected with ZIKV-BC-1.0. Whereas we 225 counted a total of 57 barcodes at this threshold in the stock, we found a range of 9 to 38 226 barcodes in each of the samples from the animals (Fig 4C) . We then compared the frequency of 227 the individual barcodes in the plasma of these three animals relative to that in the stock. In 228 animal 715132, the frequency of each barcode at day 3 was maximally 3.4 percentage points 229 different from the frequency of each barcode in the stock. By day 5, the barcode frequencies 230 changed by, at most, 4.6 percentage points when compared to day 3. In animal 688387, we 231 found that the frequency of Zika_BC07 at day 3 in the population was an average of 18.1%, 232 which was markedly greater than the 5% frequency of Zika_BC07 observed in the stock. The 233 frequency of Zika_BC07 continued to increase to 21.9% of the population at day 5. As a result, 234 the frequency of each barcode at day 3 was maximally 13.1 percentage points different from the 235 the frequency of each barcode in the stock, and the barcode frequencies at day 5 were up to to 236 10.1 percentage points different from day 3. Unfortunately, we were only able to acquire 237 sequence data from animal 514982 at day 2 post infection, but the frequency of each barcode 238 was maximally 5.6 percentage points different from the frequency of each barcode in the stock. 239
We also examined the sequences outside the barcode region to determine if there were 240 additional nucleotide differences present in the virus population as it replicated in animals. 241
There were small fluctuations in some viral SNPs, but we detected no dramatic shifts in 242 nucleotide frequencies among viruses replicating in vivo, except at site 9581, which is 243 synonymous. In the ZIKV-BC-1.0 stock, there was a mixture of T and C nucleotides (22% and 244 78% of sequences, respectively) at this site. This position remained a mixture in the animals, 245 but the ratios fluctuated. It dipped to a ratio of 10/90 in animal 688387 at day 5 to as high as 246 30/70 in animal 715132 at day 5. Overall, there were no new mutations that were detected at 247 greater than 10% frequency in both replicates in the virus populations during the first 5 days 248 after infection in nonpregnant animals. 249
Evaluation of barcodes during pregnancy. 250 We also deep sequenced the barcode in virus populations replicating in the one pregnant 251 animal (776301) infected with ZIKV-BC-1.0. Recognizing that the later time points from this 252 animal had persistent, but low plasma viral loads, we modified our sequencing approach to 253 prepare one tube of cDNA, and then split it into two independent PCR reactions that amplified 254 small fragments (131bp and 178bp) spanning the region containing the barcode (Fig 5A, Table  255 5, and Table S3 ). We quantified the number of authentic barcodes we detected at a frequency 256 of 0.047% or greater (Fig 5B) . At days 3, 5, and 7, we detected an average of 39.3 ± 2.6 257 barcodes. This declined precipitously to an average of 9 barcodes at days 8 and 10. After day 258 10, we did not detect more than 7 barcodes, and, in fact, we only detected 1 authentic barcode 259 present at a frequency of 0.047% or greater at some timepoints. Likewise, barcode diversity, as 260 measured by Simpson's diversity index, also declined beginning at day 8 and remained low 261 throughout the duration of infection (Fig 5C) . Interestingly, some barcodes, such as Zika_BC02, 262
were not detected at later timepoints, even though it had been present at ~15% during early 263 infection. Other barcodes, such as Zika_BC07, 08, and 09, became more common at later time 264 points, even though they were only present at ~2-5% during early infection. Unfortunately, with 265 such low virus input templates at the late time points, there were differences between replicates 266 indicative of sampling uncertainty. With the exception of two samples (day57_A and day60_B), 267 however, greater than 95% of the sequences matched one of the 57 authentic barcodes. 268 Using ZIKV-BC-1.0 to evaluate transmission bottlenecks 271 To begin to understand potential transmission bottlenecks within the vector and the impact they 272 might have on ZIKV population diversity, Aedes aegypti vector competence for ZIKV-BC-1.0 273 was evaluated at days 7, 13, and 25 days post feeding (PF) from mosquitoes that were exposed 274 to the pregnant macaque at 4 dpi. A single Ae. aegypti was transmission-competent at day 25 275 PF ( Table 6) outbreaks [26] . We also found low mosquito infection rates in a previous study exposing 283 mosquitoes to ZIKV-infected rhesus macaques [22] . We deep sequenced virus (viral template 284 numbers added to cDNA synthesis reactions are listed in Table 7 ) from all three anatomical 285 compartments from this mosquito (body, leg, and saliva), and we only detected the presence of 286 a single barcode: Zika_BC02. The viral loads in the body, leg, and saliva were 2.57 x 10 8 , 4.73 x 287 10 7 , and 4.29 x 10 4 vRNA copies/ml, respectively. Zika_BC02 was present in the pregnant 288 animal's virus population at ~15% between days 3 and 5 after infection, representing the 289 second most common barcode in the population (Fig 6, Table 7 , and Table S4 ). 290 The number of cDNA templates was calculated based on the number of vRNA templates that 300
were put into the cDNA synthesis reaction, and then the amount of cDNA that was used for the 301 PCR reaction. 302
Discussion
303
Mosquito-borne viruses like ZIKV typically exist in hosts as diverse mutant swarms. Defining the 304 way in which stochastic forces within hosts shape these swarms is critical to understanding the 305 evolutionary and adaptive potential of these pathogens and may reveal key insight into 306 transmission, pathogenesis, immune evasion, and reservoir establishment. To date, no attempts 307 have been made to enumerate and characterize individual viral lineages during ZIKV infection. 308
Here we characterized the dynamics of ZIKV infection in rhesus macaques and mosquitoes. 309
Specifically, using a synthetic swarm of molecularly barcoded ZIKV, we tracked the composition 310 of the virus population in mosquitoes and over time in both pregnant and nonpregnant animals. 311
312
Our results demonstrated that viral diversity fluctuated in both a spatial and temporal manner as 313 host barriers or selective pressures were encountered and this likely contributed to narrowing of 314 the barcode composition in both macaques and mosquitoes. For example, the proportions of 315 individual barcoded virus templates remained stable during acute infection, but in the pregnant 316 animal infected with ZIKV-BC-1.0 the complexity of the virus population declined precipitously 8 317 days following infection of the dam. This was coincident with the timing of typical resolution of 318 ZIKV in non-pregnant macaques (Figs 2 and 3) , and after this point the complexity of the virus 319 population remained low for the subsequent duration of viremia (Fig 5C) . We speculate that the 320 narrowing of the barcode composition in the pregnant animal was the result of establishment of 321 an anatomic reservoir of ZIKV that is not accessible to maternal neutralizing antibodies, which is 322 shed into maternal plasma at low, but detectable, levels. It also is possible that declining viral 323 barcode diversity was an artifact of a declining viral population size and the consequent effects 324 on sampling, without reservoir establishment. Unfortunately, the absence of ZIKV RNA in the 325 fetus at term prevented us from comparing the barcode composition in the fetus to the barcodes 326 in maternal plasma, so this experiment could not resolve questions related to the potential that 327 the feto-placental unit acts as a tissue reservoir of ZIKV. Connecting ZIKV clonotypes in 328 neonatal tissues with clonotypes found in the mother will be important for understanding vertical 329
transmission. Nevertheless, we demonstrated that synthetic swarm viruses can be used to 330 probe the composition of viral populations over time in vivo in both macaques and mosquitoes; 331 such synthetic swarms will be useful tools for future studies aimed at understanding vertical 332 transmission, persistent reservoirs, bottlenecks, and overall evolutionary dynamics. While the 333 ZIKV-BC-1.0 reported here has limited complexity, we have recently developed a new synthetic 334 swarm, ZIKV-BC-2.0, which uses an optimized transfection strategy and has orders of 335 magnitude more putative authentic barcodes. This new virus will be used in future studies in 336 conjunction with deep sequencing techniques that enumerate individual templates with unique 337 molecular identifiers [27] . We therefore expect that future studies of pregnant animals infected 338 with barcoded ZIKV will help distinguish between these possibilities. 339
340
Although we developed this system to better understand the dynamics of ZIKV infection in the 341 vertebrate host, this approach can be applied to address other questions about ZIKV 342 transmission. For example, ZIKV-BC-1.0 can be used to quantify the bottleneck forces during 343 mosquito infection and transmission. As a result, we also attempted to characterize barcodes 344 present in mosquitoes that fed on the ZIKV-BC-1.0-infected pregnant animal. Consistent with 345 our previous experiments [22] , only a single Ae. aegypti became infected with ZIKV-BC-1.0 after 346 feeding on ZIKV-BC-1.0-viremic macaques. This was likely the result of the low amount of 347 infectious virus in macaque blood [28] . We only detected a single barcode during infection of 348 mosquitoes. This is not entirely surprising because mosquitoes ingest small amounts of blood 349 from infected hosts, which limits the size of the viral population founding infection in the vector. barcode in different Ae. aegypti populations that were exposed to ZIKV-BC-1.0 using an artificial 361 membrane feeding system. In sum, our approach showed that synthetic swarm viruses can be 362 used to probe the composition of viral populations over time in vivo to understand vertical 363 transmission, persistent reservoirs, bottlenecks, and evolutionary dynamics. 364
Materials and Methods
365
Study Design. This study was a proof of concept study designed to examine whether 366 molecularly barcoded ZIKV could be used to elucidate the source of prolonged maternal viremia 367 during pregnancy (Fig 3) . Datasets The region for the barcode insertion was selected by searching for consecutive codons in which 400 inserting a degenerate nucleotide in the third position would result in a synonymous change. 401
The genetically-barcoded ZIKV clone then was constructed using a novel method called 402 bacteria-free cloning (BFC). First, the genome was amplified as two overlapping pieces from the 403 two-part plasmid system of the reverse genetic platform (see [21] ). The CMV promoter was 404 amplified from pcDNA3.1 (Invitrogen). The barcode region was then introduced in the form of an 405 overlapping PCR-amplified oligo (IDT, Iowa, USA). All PCR amplifications were performed with 406 Q5 DNA polymerase (New England Biolabs, Ipswich, MA, USA). Amplified pieces were then gel 407 purified (Macherey-Nagel). The purified overlapping pieces were then assembled using the HiFi 408 DNA assembly master mix (New England Biolabs) and incubated at 50°C for four hours. The 409 Gibson assembly reaction then was treated with Exonuclease I (specific for ssDNA), lambda 410 exonuclease (removes non-circular dsDNA) and DpnI (removes any original bacteria derived 411 plasmid DNA) at 37°C for 30 minutes followed by heat inactivation for 20 minutes at 80°C. Two 412 microliters of this reaction then was used for rolling circle amplification (RCA) using the REPLI-g 413
Mini kit (Qiagen). RCA was performed following the manufacturer's specifications except that 414 2M trehalose was used in place of water in the reaction mixture because it has been previously 415
shown that this modification reduces secondary amplification products [31] . Reactions were 416 incubated at 30°C for four hours and then inactivated at 65°C for three minutes. Plaque assay. All ZIKV screens from mosquito tissue and titrations for virus quantification 452 from virus stocks were completed by plaque assay on Vero cell cultures. Duplicate wells were 453 infected with 0.1 ml aliquots from serial 10-fold dilutions in growth media and virus was 454 adsorbed for one hour. Following incubation, the inoculum was removed, and monolayers were 455 overlaid with 3 ml containing a 1:1 mixture of 1.2% oxoid agar and 2X DMEM (Gibco, 456
Carlsbad, CA) with 10% (vol/vol) FBS and 2% (vol/vol) penicillin/streptomycin. Cells were 457 incubated at 37 °C in 5% CO 2 for four days for plaque development. Cell monolayers then 458 were stained with 3 ml of overlay containing a 1:1 mixture of 1.2% oxoid agar and 2X DMEM 459 with 2% (vol/vol) FBS, 2% (vol/vol) penicillin/streptomycin, and 0.33% neutral red (Gibco). Cells 460 were incubated overnight at 37 °C and plaques were counted. Tissue Kit, the TissueLyser (Qiagen, Hilden, Germany) and two 5 mm stainless steel beads 484 (Qiagen, Hilden, Germany) in a 2 ml snap-cap tube, shaking twice for 3 minutes at 20 Hz each 485 side. The isolation was continued according to the Maxwell 16 LEV simplyRNA Tissue Kit 486 protocol, and samples were eluted into 50 µl RNase free water. RNA was then quantified using 487 quantitative RT-PCR. If a tissue was negative by this method, a duplicate tissue sample was 488 extracted using the Trizol TM Plus RNA Purification kit (Invitrogen, Carlsbad, CA). Because this 489 purification kit allows for more than twice the weight of tissue starting material, there is an 490 increased likelihood of detecting vRNA in tissues with low viral loads. RNA then was re-491 quantified using the same quantitative RT-PCR assay. Viral load data from plasma are 492 expressed as vRNA copies/mL. Viral load data from tissues are expressed as vRNA/mg tissue. 493 494 Cesarean section and tissue collection (Necropsy). At ~155 days gestation, the fetus 495 was removed via surgical uterotomy and maternal tissues were biopsied during laparotomy. 496
These were survival surgeries for the dams. The entire conceptus (fetus, placenta, fetal 497 membranes, umbilical cord, and amniotic fluid) was collected and submitted for necropsy. The 498 fetus was euthanized with an overdose of sodium pentobarbitol (50 mg/kg). Tissues were 499 dissected using sterile instruments that were changed between each organ and tissue type to 500 minimize possible cross contamination. Each organ/tissue was evaluated grossly in situ, 501 removed with sterile instruments, placed in a sterile culture dish, and sectioned for histology, 502 viral burden assay, or banked for future assays. Sampling priority for small or limited fetal tissue 503 volumes (e.g., thyroid gland, eyes) was vRNA followed by histopathology, so not all tissues 504 were available for both analyses. Sampling of all major organ systems and associated 505 biological samples included the CNS (brain, spinal cord, eyes), digestive, urogenital, endocrine, 506 musculoskeletal, cardiovascular, hematopoietic, and respiratory systems as well as amniotic 507 fluid, gastric fluid, bile, and urine. A comprehensive listing of all specific tissues collected and 508 analyzed is presented in Table 3 . and then mapped to the Zika reference for PRVABC59 (Genbank:KU501215). Variant 561 nucleotides were called using SNPeff [39], using a 5% cutoff. Mapped reads and reference 562 scaffolds were loaded into Geneious Pro (Biomatters, Ltd., Auckland, New Zealand) for 563 intrasample variant calling and differences between each sample and the KU501215 reference 564 were determined. Sequence alignments of the stock viruses can be found in the sequence read 565 archive: ZIKV-IC (Acc #SRX3258286); ZIKV-BC-1.0 (Acc #SRX3258287). 566
To characterize the barcodes and their frequencies, the 24 nucleotide barcodes were first 567 extracted from the alignment. Then, identical duplicate barcodes were counted using 'Find 568 duplicates' in Geneious, and FASTA files were exported. Custom python scripts were then used 569 to convert the lists of barcodes to TSV files, and then pivot tables were used in Excel to quantify 570 the frequency of each barcode in an animal at a given time point. 571
Diversity and similarity analysis. The diversities of the sequence populations were 572 evaluated using the Simpson's diversity index: 573
where n i is the number of copies of the ith unique sequence, c is the number of different unique 574 sequences, and n is the total number of sequences in the sample. 575
The similarities between pairs of samples were assessed using the Morisita-Horn similarity 576 index: 577
where f i =n 1i / N 1 and g i =n 2i / N 2, n 1i and n 2i are the number of copies of the ith unique sequence in 578 samples 1 and 2, and N 1 and N 2 are the total number of sequences in samples 1 and 2, 579 respectively. The summations in the numerator and the denominator are over the c unique 580 sequences in both samples. 581
The Simpson's diversity and Morisita-Horn similarity indices account for both the number of 582 unique sequences and their relative frequencies. These relative diversity and similarity indices 583 range in value from 0 (minimal diversity/similarity) to 1 (maximal diversity/similarity). The 584
Simpson's diversity index considers a more diverse population as one with a more even 585 distribution of sequence frequencies and the Morisita-Horn similarity index considers 586 populations to be more similar if the higher frequency sequences in both samples are common 587 to both samples and have similar relative frequencies. The diversity and similarity analyses 588 were performed using Matlab (The Mathworks, Natick, MA). 589 Data availability. Primary data that support the findings of this study are available at the Zika 590 Open-Research Portal (https://zika.labkey.com). The authors declare that all other data 591 supporting the findings of this study are available within the article and its supplementary 592 information files, or from the corresponding author upon request. 593 then multiplex PCR was performed as described in materials and methods. PCR products were 739 tagged and sequenced. A.) The sequence mapping to the region containing the molecular 740 barcode was interrogated for ZIKV-IC, and the frequency of wild type and non-wild type ZIKV 741 sequences are shown. The theoretical number of cDNA molecules used in each PCR reaction is 742 shown in Table 4 . Each sample was sequenced in duplicate, as labeled by A and B. B.) The 743 frequency of each barcode in the population is shown for ZIKV-BC-1.0. 'Other barcodes' were 744 the barcodes present in the list of the Top 57. 'Noise' represents sequences detected in the 745 barcode region, but did not match the Top 57. C.) The number of barcodes detected at a 746 frequency of greater than 0.047% in the three nonpregnant animals and the stock were counted. 747
Figure Legends
The data for each individual replicate are shown. Some barcodes were detected at a frequency 748 of 0.047% or greater in replicate A, but not replicate B, and vice versa. 749 
